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INTRODUCTION
Nitrification is a biological process commonly used to remove ammonia from effluents containing concentrations from 1 mg NH 4 þ -N/L (aquaculture systems) up to 2-3 g NH 4 þ -N/L (industrial wastewater). The slow growth rate of the autotrophic nitrifying bacteria implies the necessity of maintaining high solid retention times to achieve an efficient nitrification. According to this settling basins with large settling areas are required when activated sludge technology is applied. Such requirement makes this technology unviable for the treatment of diluted streams at high flow rates. In these cases, biofilm systems can be considered as an effective solution to retain high concentrations of slow-growing organisms which allow to operate at high flow rates and to obtain compact units with high volumetric conversion capacities (van Loosdrecht & Heijen 1993) .
Factors such as limitations of water quality, land costs, disposal requirements and environmental impact are driving the aquaculture sector to more intensive practices. The use of recirculation aquaculture systems allows reducing the amount of used and disposed water during production activities. In these systems ammonia is produced by the fish and due to the water recirculation concentrated in the culture media. Since ammonia is toxic for the fish at concentrations higher than 1.5 mg NH 4 þ -N/L, this compound is usually removed from the culture water by means off a nitrifying biofilter to avoid its accumulation in the media. In recirculation systems, the most used biofilm systems to carry out nitrification are rotating biological contactors (Brazil 2006) and trickling filters (Kamstra et al. 1998) . These systems are able to retain large amounts of nitrifying biomass but their capacity is limited by the external mass transfer rate due to the use of carriers with a small specific surface (200-300 m 2 /m 3 ). Therefore, the use of small particles to promote the development of biofilms is expected to improve the nitrifying capacity of such systems. These particles must have high settling rates, to avoid their wash-out from reactor, which can be achieved by using dense carrier materials (Nicolella et al. 2000) . This kind of carriers has been already used in airlift reactors to carry out the nitrification of wastewater with high ammonia concentrations. These reactors are able to treat ammonia loading rates up to 5 kg NH 4 þ -N/m 3 d.
For single family dwellings or small communities, anaerobic digestion can be an interesting alternative to the aerobic process to treat wastewater since it is a net energy producing process with a low sludge production (1/10 ratio compared to aerobic systems) (Aiyuk et al. 2006) . For this purpose, septic tanks (Maunoir et al. 2009 ) and UASB reactors (De Alemida et al. 2007 ) have been successfully applied in regions with cold and hot climate, respectively. However anaerobic digestion is only able to remove organic matter and, therefore, ammonia is still present in the effluent which could be nitrified with an efficiency of 50% in order to obtain ammonium nitrate which can be used as fertilizer. The biofilm reactors are a simple and compact technology in terms of equipments, design, operation and maintenance which can be used to carry out the nitrification. In this case, as the effluent from the anaerobic system would contain a low concentration of organic matter, the overwhelming action of heterotrophs on nitrifiers is avoided and, therefore, nitrication is enhanced.
The objective of this work was to evaluate the nitrification capacity by using biofilm systems for the treatment of low nitrogen loaded wastewater produced in aquaculture systems or the effluents from anaerobic units in operation in small WWTP in a nitrifying airlift reactor and a biofilm reactor, respectively.
MATERIALS AND METHODS

Experimental setup
An airlift reactor, with a useful volume of 1.6 L, was used to treat the effluent from aquaculture systems (Figure 1a) . The geometric characteristics of the reactor were: height of 40 cm, internal diameter of 8.4 cm, riser height of 24 cm and internal diameter of 5.4 cm. The mixture in the reactor was obtained by injecting air into the riser tube which forced the movement of the liquid by means of differences in density. A three phase separator was placed at the upper zone of the reactor to retain the biomass. In order to develop the nitrifying biofilm, 4 g/L of zeolite particles with a diameter between 0.5 and 1.0 mm (specific surface area of 1500 m 2 /m 3 ) were added to the reactor. The pH and temperature values were not controlled and ranged from 7.2 to 7.8 and around 21-231C, respectively. The inlet air flowrate was 0.42 L/min which allowed achieving dissolved oxygen (DO) concentrations close to 8 mg O 2 /L during the whole operational period. The system was inoculated with 3.4 g/L of biomass collected from the culture tanks of a fish farm located in Vigo (Spain).
A reactor consisting of a mixing basin with a useful volume of 2 L coupled to an external settler of 1.5 L was used to carry out the nitrification of the effluents from an anaerobic digester (Figure 1b ). In the aeration basin the pH value ranged from 6.5 to 9.0 and the DO concentration was higher than 5 mg O 2 /L. The system was operated at room temperature of around 211C. The complete mixture inside the reactor was achieved by using a mechanical stirrer (50 rpm). A peristaltic pump was used to feed the reactor and a mammoth pump to recirculate the sludge from the settler to the aeration basin. Cubes of polyurethane sponge with a size of 1 cm Â 1 cm Â 1 cm and a specific surface area of around 400 m 2 /m 3 were used as carrier material. They accounted for the 10% of the total volume. The reactor was inoculated with activated sludge collected from a municipal WWTP.
Air
Feeding media and operational strategy
The influent of the airlift reactor consisted of a solution of NH 4 Cl which was prepared with natural sea water (salinity 3.5%; pH 7.5-8.4; inorganic carbon 19.2 mg/L; total organic carbon 6.3 mg/L). The operational period was divided in two main stages (Table 1 ). In Stage I high inlet concentrations of ammonia were applied to favour the biofilm development. During this Stage, the inlet concentration was progressively reduced down to around 14 mg NH 4 þ -N/L in order to simulate the characteristics of aquaculture effluents (Tal et al. 2003) . During Stage II, the ammonia inlet concentration was fixed at around 3 mg NH 4 þ -N/L and the dilution rate (D) was stepwise increased from 0.87 to 4.76 d À1 .
The second reactor was operated in three stages fed with a synthetic medium containing 0.0956 g NH 4 Cl/L, 0.178 g (NH 4 ) 2 SO 4 /L, 0.5 g NaHCO 3 /L, 1.0 g KH 2 PO 4 /L, 0.062 g MgSO 4 /L and 0.5 mL traces/L (Vishniac & Santer 1957) . The ammonia loading rate was stepwise increased by increasing the D from 2 to 8 d À1 . The inlet nitrogen concentration was around 50 mg NH 4 þ -N/L during the whole operational period.
Analytical methods
The pH and the concentrations of dissolved oxygen (DO), ammonia, nitrite, nitrate, volatile suspended solids (VSS), inorganic suspended solids (ISS) and total suspended solids (TSS) were determined according to the Standard Methods for the Examination of Water and Wastewater (1998). Concentrations of total organic carbon (TOC) and inorganic carbon (IC) were measured with a Shimadzu analyzer (TOC-5000).
The specific activity of the biomass from the airlift reactor was determined by operating the reactor in batch mode with an initial ammonia concentration of 5 mg
Ammonia oxidizing activity of the biomass from the biofilm reactor was determined by respirometry measurements with a biological oxygen monitor (Tijhuis et al. 1995) . These respirometric acitvity tests were carried out at 201C and the pH value was fixed at 7.6 using a phosphate buffer (1.43 g KH 2 PO 4 /L and 7.47 g K 2 HPO 4 /L) adjusted with NaOH 10 N. The initial 
RESULTS AND DISSCUSION Treatment of effluents from aquaculture systems
During Stage AL1 the inlet ammonia concentration was decreased from around 100 to 14 mg NH 4 þ -N/L and the dilution rate was stepwise increased from 0.07 to 0.24 d À1 . These values were smaller than those of 0.77 and 1.08 d À1 reported as the maximum growth rates of both ammonia-and nitrite oxidizers, respectively (Wiesmann 1994). At these hydraulic conditions, suspended nitrifying biomass could still be retained inside the system. In fact, concentrations around 10 mg VSS/L in the effluent were observed at the end of this stage. This start-up strategy was chosen in order to promote the growth and initial attachment of biomass to the zeolite particles. During Stage AL2 the inlet ammonia concentration was maintained at a value around 3 mg NH 4 þ -N/L and the dilution rate was progressively increased from 0.87 to 4.76 d À1 to promote the wash-out of the suspended biomass, the development of biofilms and the increase of the NLR from 7 to almost 16 mg NH 4 þ -N/L d. The solids concentrations measured in the effluent during this stage were almost negligible. Ammonia was fully oxidized into nitrate with an average efficiency of 99% during Stage AL1. This efficiency was also maintained during periods 2A and 2B (Figure 2a) . However, when the dilution rate was increased from 1.75 to 3.57 d À1 (period 2C), the ammonia oxidation efficiency slightly decreased down to 98% and nitrite started to accumulate in the system. In this period 11% of ammonia oxidized remained as nitrite. In period 2D, the ammonia oxidation efficiency was 96% while the nitrite accumulation supposed 27% of the ammonia oxidized. These results indicate that nitrite oxidation is the limiting step of the nitrification process which can be attributed to the presence of high salt concentrations (Schenk & Hegemann 1995; Catalan et al. 1997; Vredenbregt et al. 1997) .
The NLRs applied to the system ranged between 3 and 16 mg NH 4 þ -N/L Á d (Figure 2b ). Efficiencies of both ammonia and nitrite oxidation were higher than 98% for NLRs lower than 8 mg (Table 2 ). In the case of fluidized sand biofilters smaller surface removal rates have been obtained which are compensated by their low operational costs per kg of fish produced (Crab et al. 2007) . In the present study as the configuration and the performance of the airlift reactor are quite similar to In order to identify the main nitrifying bacteria populations present in the reactor biomass, the FISH technique was applied to biomass samples collected from the reactor at the end of the experimental period. The marked cells in the samples showed a double hybridization with both NEU653 and NSO190, indicating that Nitrosomonas spp. were the main ammonia oxidizing bacteria (AOB) present in the analyzed sample. Tal et al. (2003) and Paungfoo et al. (2003) characterized the microbial community from mariculture systems and also found Nitrosomonas spp. as the main AOB. In order to identify the nitrite oxidizing bacteria (NOB), the probes Nit3 and Ntspa712 were applied. Positive results were obtained with both probes indicating the presence of Nitrobacter spp. and members of the phylum Nitrospirae. Tal et al. (2003) observed that Nitrospira marina was the only nitrite-oxidizing bacteria present in their system while Paungfoo et al. (2003) found that NOB detected in their system were neither Nitrobacter nor Nitrospira.
Post-treatment of effluents from small WWTPs
The biofilm reactor was initially operated at a D of 2 d À1 (Stage AS1) while the ammonia concentrations ranged from 38.2 to 66.4 mg NH 4 þ -N/L (Figure 3a) . During the start-up the pH value inside the reactor increased up to 9.0 (days 8-18) and free ammonia concentrations of 24 mg NH 3 -N/L were accumulated (Figure 3b ). The ammonia oxidation efficiency was around 20% during this period which could be explained by a possible inhibition of nitrifiers by free ammonia (Anthonisen et al. 1976) . To avoid this negative effect, the pH was controlled at values around 7.5 by decreasing the amount of bicarbonate added to the feeding medium which provoked a decrease of NH 3 level down to 0.2 mg NH 3 -N/L. This caused an improvement of the nitrification efficiency up to 65%. Nevertheless, ammonia was only oxidized into nitrite and, practically, no nitrate was produced (Figure 3a) . When the D was fixed at 4 d À1 (Stage AS2), the ammonia removal efficiency remained constant but full oxidation into nitrate was achieved. From day 63 on, the D was increased up to 8 d À1 . This change caused an initial decrease of ammonia oxidation down to 15% but the efficiency was gradually restored up to a value around 60%. In spite of the free ammonia concentrations being between 0.5 and 1.7 during this period (Figure 3b ), nitrite oxidizers were not inhibited and ammonia was still oxidized into nitrate.
The ammonia oxidation efficiency of the system was around 60% at all the assayed dilution rates. Isaka et al. (2007) treated diluted landfill leachate (150 mg NH 4 þ -N/L) with an airlift reactor using a gel as carrier material at 
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